Recently, Mendez et al. ' observed anomalous Shubnikov-de Haas oscillations from a GaSb-InAs-GaSb heterojunction in the quantized Hall regime.
In this paper, we describe a detailed study of the temperature dependence of similar magnetoresistance structure. This system contains both two-dimensional electrons and two-dimensional holes. 3 The presence of two species of carrier adds complexity to the usually simple Shubnikov-de Haas spectrum of a twodimensional gas. From analysis of the temperature dependence and widths of the various oscillations, we conclude that some of them arise indirectly from the layers of twodimensional holes. These oscillations are broader than the oscillations, from the electron layer, and they have an anomalous temperature dependence: They vanish exponentially as the temperature decreases. The oscillations from the electrons have much less temperature dependence.
Also, there is evidence for the variation of carrier concentration with magnetic field and for field-dependent enhancement of the effective g factor. The samples were quantum wells composed of a layer of InAs sandwiched between layers of GaSb. The insert in Fig. 2(b) is a schematic view of the band edges calculated self-consistently for k, =0 (z being perpendicular to the plane of the layers). ' The bottom of the conduction band of the InAs extends about 0.15 eV below the top of the GaSb valence band. When the materials are layered together, the electrons from the GaSb valence band flow into the empty InAs conduction band. These electrons are contained in a quantum well (the conduction band of the InAs layer). The flow of electrons distorts the bands of all layers, and the holes left behind reside near the interfaces in the GaSb layers in the resulting triangular wells. Intrinsically, this system will have n, =2p, where n, is the electron concentration in the InAs layer, and p, is the hole concentration in each of the GaSb layers. In this idealized situation, the Shubnikov-de Haas peaks from the hole layers will occur at the same magnetic field as every other peak arising from the electron layer. In the absence of an electron-hole interaction, the structure can be treated as three independent two-dimensional Fermi gases. The electron effective mass is m, = 0.023mo, and the effective mass of the holes is mp = 0.36mp where mo is the free-electron mass. Furthermore, the splitting of the peaks at H =4.2 T is approximated we11 by g =18 indicating that the g factor depends on magnetic field. We believe that the enhancement results from the exchange mechanism described by Ando and Uemura, ' and observed by Englert, Tsui, Gossard, and Uihlein in GaAs-A16aAs heterojunctions. "
As the temperature increases, new peaks appear and grow at magnetic fields of 5.9 T and = 7 T. In addition to the peaks at H = 5.9 T and H = 7 T, more subtle irregularities in the Shubnikov-de Haas spectrum can be found at fields of H = 3.1 T and H = 3.6 T; at T = 0.019 K, these are apparent as "shoulders" on the electron oscillations at H = 3.0 and 3.5 T. Because these peaks are imbedded so deeply in the oscillations from the electron layers, simple quantitative analysis (as for the anomalous peaks at H=5.9 T and =7 T) is difficult. However, from the sequence of magnetoresistance curves we can see the qualitative temperature dependence of the shoulder at H = 3.6 T.
It is similar to that exhibited by the anomalous peaks at 5.9
T and -7 T. To measure the temperature dependence of the conductivity at a given magnetic field, we simply invert the resistivity matrix: o. = p /(p' + p~2). The results for the peak at 5.9 T in sample II and the corresponding peak at 6.45 T in sample I are shown in Fig. 2(a) . for sample II. This is a large, rapid decrease in the conductivity which cannot be explained by weak disorder and the The electron oscillations and one of the anomalous peaks are fixed on the magnetic field axis: they do not move as a function of temperature.
However, the remaining anomalous oscillation moves dramatically as the temperature increases. The peak near 7 T moves by -6% in magnetic field (while the amplitude of the peak decays by more than 90%). In sample II, the feature near 7 T changes from a shoulder on the electron peak at 6.7 T to a separate oscillation at 7.4 T. The same is true of the corresponding feature (K=8 T) in sample I. The peak positions are given for both anomalous features from both samples in Fig. 2(b) . These data were obtained by approximating the Shubnikovde Haas spectrum as a sum of a series of Gaussian peaks. With this method the behavior of the anomalous peaks can be observed without distortion from the surrounding electron peaks. The lower-field anomalous peak position is constant (to within 1% or so) as the temperature varies, as are the electron peak positions.
Only the higher-field anomalous peak moves substantially.
That the oscillation moves consistently away from H =0 as the temperature rises is an indication that the carrier population is growing.
Naively, if the number of carriers were decreasing, then we would expect both oscillations to move toward H = 0 as they decreased in amplitude. This discrepancy between the temperature dependences of the two peaks may indicate that they originate in different parts of the sample; perhaps one of the GaSb layers has a rougher interface, and the holes in that layer trap more readily as the temperature decreases.
The temperature dependence of the i =5 Hall plateau is i11ustrated in Fig. 3 . The Hall conductivity is accurately quantized (to within the 0.5% limit of our measuring circuit) at T & 0.03 K. That is, at very low temperature, the sample behaves as a one carrier system. As the temperature increases and the anomalous peak grows at H =5.9 T, a dimple appears in the plateau, and below T =1 K, . The temperature dependence of the peak near 7 T in sample I was somewhat stronger than that of the peak at 5.9 T, but since it is observable as a 5. 5-5. 4- Fig. 1 by the electron peaks at H =5.3 and 6.7
T, and the anomalous peaks at H = 6.4 and = 7 T.
In summary, we have measured the temperature dependence of the Shubnikov-de Haas oscillations in GaSbInAs-GaSb quantum wells down to 10 mK and magnetic fields up to 8.5 T. We find that the g factor is enhanced at fields above 4 T, and that the electron concentration varies with the intensity of the field. Furthermore, the amplitudes of some of the Shubnikov oscillations decrease exponentially as the temperature goes to zero. The oscillations which vanish as T 0 are broader than the peaks which arise from the electron gas. We conclude that the extra oscillations arise indirectly from the presence of holes. The in-
